Introduction
A number of RNA protein interactions are important for the regulation of gene expression in viruses, prokaryotes, and eukaryotes. In the HIV virus, the Tat protein must bind to the TAR mRNA in order for efficient transcription to occur, and the Rev protein binds to the RRE RNA to control splicing and transport of mRNAs (Kjems et al., 1992) . In Escherichia coli, coordinate ribosomal protein synthesis is ensured by a system of autoregulation whereby one protein of an operon binds to its mRNA. Ribosomal proteins S4 and S15 bind to their own transcripts and repress translation by ''entrapping'' the ribosome (Portier & Grunberg-Manago, 1993; Tang & Draper, 1990) . In Saccharomyces cerevisiae, ribosomal protein L32 also binds to its pre-mRNA, blocks splicing, and thereby prevents overproduction of L32 (Dabeva & Warner, 1987; Eng & Warner, 1991; Vilardell & Warner, 1994) . Although introns are rare in yeast, numerous ribosomal proteins have introns near their 5' ends leading to speculation concerning a possible regulatory role for these introns (Dabeva & Warner, 1987; Dujon & Alexandraki, 1994; Oliver et al., 1992) . Based on phylogenetic data from two yeast species and some mutational data, the autoregulatory RNA region was proposed to be two short helical regions separated by an asymmetric purine-rich internal loop. This RNA includes the 5' untranslated region, the first AUG codon, and the 5' portion of the intron (Eng & Warner, 1991) . It was shown in vitro that RPL32 binds to this site and inhibits the formation of the spliceosome (Vilardell & Warner, 1994) . However, Figure 1 . RNA sequences numbered from the 5' end of the S. cerevisiae L32 transcript. Lower case letters indicate bases added for cloning or transcription or sequence variants. The secondary structures shown are those most stable according to Jaeger et al. (1989 Jaeger et al. ( , 1990 and Zuker (1989) . The AUG start codon (59 to 61) is in bold and the bases which pair with U1 RNA (61 to 68) are in outline.
contrary to initial expectations of direct competition between RPL32 and the U1 snRNP for splice site binding, it was found that RPL32, the U1 snRNP, and the pre-mRNA form a complex incapable of splicing (Vilardell & Warner, 1994) . Thus the U1 snRNP may be trapped by the RNA protein complex in a manner analogous to ribosomal entrapment. It is the interaction between the L32 transcript and ribosomal protein L32, and not the mechanism of splicing repression, which is the focus of this study. The structure of the L32 RNA and its purine-rich loop are emphasized.
Purine-purine juxtapositions are a common feature of ribosomal RNAs, and recent structural studies indicate that a variety of hydrogen-bonded structures which preserve helical stacking are possible (Gautheret et al., 1994) . Similarly, internal and hairpin loops may be highly stacked and hydrogen bonded. Examples of the propensity for non-Watson-Crick paired RNA nucleotides to form stable, compact structures include the catalytic hammerhead RNA (Pley et al., 1994) , the ricin/a sarcin loop of ribosomal RNA (Szewczak, et al., 1993) , and loop E of Xenopus 5 S ribosomal RNA (Wimberly et al., 1993) . Bulge and loop regions can be crucial for specific recognition by proteins and both the tRNA gln /synthetase and phage MS2/coat protein cocrystals show extensive hydrogen bonding and hydrophobic contacts between unpaired nucleotides and protein side-chains (Rould et al., 1989; Valegard et al., 1994) . It has been hypothesized that bulge regions provide the flexibility needed for conformational changes upon protein binding or allow access to the normally narrow and inaccessible major groove of A-form duplexes (Saenger, 1984; White & Draper, 1987) . The MS2 hairpin RNA has two unpaired adenine residues which interact extensively with the protein and allow access to the major groove. The TAR RNA/Tat protein and RRE/Rev protein interactions are examples where both major groove recognition and RNA flexibility are important (Weeks & Crothers, 1993; Puglisi, et al., 1992; Battiste et al., 1994; Peterson et al., 1994) . In contrast, the bases of hairpin II of U1 RNA are single stranded and form an extraordinary number of hydrogen-bonding and stacking contacts with the U1A protein (Oubridge et al., 1994) . Thus proteins employ a variety of strategies to form specific contacts with their cognate RNAs' bulge and loop regions.
We have analyzed several RNA sequences designed to mimic the phylogenetically derived stem-internal loop-stem structure for L32 premRNA in order to carry out a biochemical characterization of the protein binding site. RNA-71 most closely resembles the wild-type transcript, while MiniL32 RNA is the focus of most of this study ( Figure 1 ). This small RNA contains two features of interest as RNA structural motifs, the asymmetric purine bulge loop and two potential G·U wobble pairs. Traditional enzymatic and chemical structure mapping procedures confirm the existence of two helical regions and indicate that some of the internal loop purines have unusual reactivities. Significantly, the RNA which base-pairs with U1 RNA in the initial step of splicing is sequestered in a helical region. Footprinting and modification interference experiments show that the internal loop is crucial for protein binding. The RNA binding site for RPL32 has less than 30 nucleotides making the L32 pre-mRNA/ L32 ribosomal protein an ideal system for additional physical and structural characterization.
Results

RNA structure
The results of structure mapping experiments on MiniL32 RNA indicate that two distinct helical regions exist (Figures 1 and 2 ). Lanes 7 to 9 of Figure 2A show four sets of bases cleaved by V 1 RNase with the stronger 3' and 5' sets corresponding to the left-hand helix. Since a similar pattern of V 1 reactivity was seen in the Tetraloop RNA, both stems must form in the absence of the dangling 3' and 5' tails. The MPE-Fe(II) cleavage pattern, shown in Figure 2C , also supports the existence of two helical regions with the only gap in reactivity being in the hairpin and lower bulge regions. The reactivity of the nucleotides in the putative internal loop is of interest. V 1 cleavage occurs through the top portion of the bulge, yet guanosine residues 11 and 13 are susceptible to T 1 cleavage under native conditions as indicated by lanes 5 and 6 of Figure 2A . On the bottom portion, V 1 cleaves at all positions except nucleotides 57 to 59 in the loop. One site, G56, is cleaved by both V 1 and T 1 RNase while G58 is reactive to T 1 RNase. The hairpin loop is the only region highly accessible to cleavage by S 1 nuclease or T 2 RNase as shown in Figure 2B . Significantly, the internal loop is only very slightly reactive to these nucleases and thus does not behave as a singlestranded region. Light cleavage extends into the right-hand stem, indicating that the left-hand stem may be the more stable one.
Diethylpyrocarbonate (DEPC) carboxethylates adenosine residues 49 and 51 in the hairpin loop and 12, 55, 57, and 59 of the internal loop as shown in lane 3 of Figure 3A . A57 is remarkably reactive and must be highly solvent accessible while the other adenosine residues of the internal loop must be partially unstacked. Under native conditions, NiCR reacts very strongly with G56 and somewhat less strongly at G6 ( Figure 3B ). Notably, G10, G11, G13, G53, G54 and G58 were not reactive. Guanosine residues at the ends of helical regions or in loops and bulges were targets for NiCR oxidation in model oligo-and polynucleotides whereas those in helical regions were not (Chen et al., 1991 (Chen et al., , 1992 (Chen et al., , 1993 . On thermal denaturation a much more even pattern of reactivity is seen (data not shown). The hyperreactivity of G56 is a strong indication that this base is highly exposed to solvent such that its N-7 position can form the sixth ligand to the flexible square planar nickel compound. G58, two bases distant and also in the lower-bulge region, is not reactive to NiCR. In contrast, DMS reacts moderately with all of the helical G residues, and slightly more strongly with those in the internal loop (data not shown). The results of the structure mapping experiments on miniL32 RNA are summarized in Figure 5A .
Protein binding site
In order to determine which bases are crucial for protein binding, both footprinting and modification interference experiments were done. In the footprinting experiment internal loop bases G11, A12, G13, A55, G56, G58, and A59 are reactive to DEPC, but are protected from DEPC attack by MBP-L32 (data not shown). Modification of adenine residues 12, 55 and 59 abolishes protein binding while carboxethylation of G15, A49, A51 and A57 has no effect on protein binding (lanes 4 and 5, Figure 3A ). Bands in lane 5 represent those adenine residues whose modification does not interfere with binding while bands present in lane 4, but not in lane 5, represent bases whose modification abolishes protein binding. Protein binding protects G56 from NiCR attack ( Figure 3B ). Note that DEPC and NiCR can only yield information about bases which are reactive and thus do not yield any data concerning protein contacts with the non-reactive helical stems. 
A B
Reagents which interact with every phosphate or ribose residue, regardless of the secondary structure, can potentially yield information about all positions of the bound and unbound RNA. ENU reacts with the phosphate backbone while Fe(II)-EDTA generates hydroxyl radicals which attack the ribose ring. Both modification interference and footprinting experiments with ENU show that backbone positions 10 to 12 and 55 to 58 of the internal loop are important for protein binding. The results of the ENU footprinting experiment are shown in Figure 4B . In comparing lane 3 with lane 2, the internal loop positions are less reactive and ENU reactivity in the hairpin loop is significantly enhanced in the protocols. Cleavage of the fusion protein by Factor Xa was complete after 24 hours and the binding affinities measured using the cleavage mixture were consistent over time. Figure 4A , shows that nucleotide residues 11 to 13 and 55 to 59 are protected from hydroxyl-radical attack by binding of the fusion protein. Thus the region most strongly affected by protein binding is both sides of the internal loop including bases, sugars, and phosphate groups. A summary of these results is presented in Figure 5B .
Binding affinity and specificity
About 50 mg of MBP-L32 was produced from a 500 ml culture and Coomasie blue-stained SDS gels revealed that the fusion protein was at least 90% pure. However, fresh protein dilutions were required for full-strength binding, and the measured binding affinities were found to be exquisitely sensitive to exact dilution and experimental 
where the background, plateau, and binding affinity were simultaneously fit using the least-squares routine in Hyperfit (Draper et al., 1988a) . For the curves displayed, the background is 3, the plateaus 91 and 83, KD values are 25 and 11 nM. The same values were obtained by fixing the background to the experimentally measured value. The RNA-65 and MiniL32 concentrations, assumed to be negligible, are at most 0.65 and 0.09 nM, respectively. Stoichiometric binding of 300 nM MiniL32 to MBP-L32 (R). The break point occurs at approximately 330 nM protein and the low plateau value is a result of rinsing the filter following filtration.
RPL32 alone, 11 kDa, has the same MiniL32 RNA binding behavior as does MBP-L32, 53 kDa, as demonstrated in Figure 6 and in Table 1 . Bandshift assays using the RPL32 cleavage mixture show only one shifted band at the expected location for the RNA:RPL32 complex. Therefore, maltose binding protein does not bind to RNA and the Factor Xa cleavage of the fusion protein is complete. However, the MBP-lacZ fusion protein produced as a control shows very slight RNA binding at very high concentrations, but neither BSA nor thioredoxin binds to MiniL32 RNA. RPL32 and MBP-L32 have nearly the same affinities for a variety of RNAs, but multiple bandshifts at very high protein concentrations are less evident for RPL32 (data not shown). However, filter binding experiments using 300 nM MiniL32 RNA clearly establish that the binding stoichiometry is one RNA molecule per fusion protein molecule (Figure 7 ). The morphology of the unshifted or native MiniL32 RNA band depends on the preparation of RNA, but not on renaturation conditions or RNA concentration and perhaps indicates length or conformational heterogeneity ( Figure 6 ). Thus RPL32 and L32-MBP are interchangeable over the concentration range relevant for binding constant measurements and MiniL32 RNA binds specifically to ribosomal protein L32 with a dissociation constant of approximately 10 nM.
Both the MBP-L32 fusion protein and RPL32 form specific complexes with RNAs which contain the stem-loop-stem motif (Table 1) . Neither tRNA nor poly(A) binds to the fusion protein, while an 80-fold excess of poly(G) competes weakly for fusion protein binding. Double-stranded poly(I·C) does not bind to the fusion protein. Replacement of all of the internal loop with C residues abolishes binding, as does formation of a perfect hairpin duplex. Substitution of three U residues for the central GAG of the lower portion of the internal loop also abolishes binding, but an alternate folding pattern, shown in Figure 1 , is possible for this variant (Jaeger et al., 1989 (Jaeger et al., , 1990 Zuker, 1989) . Additional work on sequence variants, where electrophoretic bandshifts and filter binding competition assays are compared, suggests that binding affinities up to 1000 nM may be detected electrophoretically (S.A.W. & M. E. Rauch, unpublished results). In contrast, the hairpin loop may be shortened, changed to a GNRA tetraloop, or deleted entirely without greatly weakening the binding interaction (H.L. & S.A.W., unpublished).
It is perhaps surprising that the longer RNAs, which most closely resemble the wild-type premRNA, bind to the fusion protein slightly more weakly than does the shorter MiniL32 RNA (Table 1) . In Figure 7 , typical binding isotherms for MiniL32 RNA and RNA-65 are compared. However, the native gel shown in Figure 8 suggests that RNA-71 has two conformations at 4°C. Indeed the RNAs containing the full wild-type hairpin loop may fold into either a linear, one-domain conformation or a more complicated two-domain conformation (data not shown; Jaeger et al., 1989 Jaeger et al., , 1990 Zuker, 1989) . RNAI represents a class of conformations having one domain as in Figure 1 , while we presume that the slower RNAII folds into two domains. Only the 1, 10, 20, 40, 80, 100, 160, 200, 400, 800, and 1600. higher mobility RNA binds the fusion protein (Figure 8 ). Numerous renaturation and gel electrophoretic conditions failed to trap all of the RNA in the correct conformation for protein binding, although at room temperature the two RNA bands coalesced into one broad band (data not shown). Because of our inability to obtain a complete bandshift and the appearance of multiple bandshifts at high protein concentrations, we did not do footprinting or modification interference experiments with these longer RNAs. Perhaps due to the lower ionic strength of the buffer, binding affinities for MiniL32 RNA are stronger by a factor of 2 when measured by the bandshift assay as compared to the filter binding assay (Chodosh, 1988) . Aliquots from the same binding mixture were run on duplicate gels or used for filter binding so the above result cannot be ascribed to differences in samples.
The pre-formed MiniL32 RNA fusion protein complex was challenged both by dilution and by different amounts of unlabeled MiniL32 RNA. The half-life of the complex is 1.8 minutes and the dissociation of the complex can be ''facilitated'' by the addition of MiniL32 RNA as described for the Tat protein TAR RNA complex (Weeks & Crothers, 1992) . The time course of the facilitated dissociation is presented in Figure 9 (a) and extrapolation to zero competitor RNA in Figure 9 (b) yields the true dissociation rate, or k off , of 0.39/minute. A similar value for k off was obtained by diluting the pre-formed complex then filtering 50 ml aliquots at specified time points.
Thermodynamics
The melting curve and derivative plot for MiniL32 RNA show that this RNA melts at 58°C with an enthalpy change of 74 kcal/mol in 0.1 M KCl in the absence of Mg 2+ (Figure 10 (a) and Table 2 ). MiniL32 RNA melts cooperatively as a monomeric hairpin but addition of Mg 2+ stabilizes the RNA significantly and broadens the denaturation transition. The melting of tetraloop RNA also undergoes similar changes in the presence of Mg 2+ . The least-squares fit for a single melting transition for MiniL32 RNA was satisfactory and did not improve for two or more transitions (Laing & Draper, 1994 Table 2 are the result of independent RNA preparations and several fitting procedures.
To assess the role of the purine loop in MiniL32 RNA, the internal loop was replaced with two canonical base-pairs, Duplex RNA, a loop composed of seven cytidine residues, Bulge C RNA, or the three central purine residues of the lower loop were replaced by uracil residues in Bulge U RNA (Figure 1) . As expected, Duplex RNA has a t m 20 deg.C higher than MiniL32 RNA, but the sharpness of the transitions are similar. Bulge C and U RNAs have t m values close to that of MiniL32, but both have significant pre-melting, or general unstacking, transitions. The best fit for two sequential transitions for Bulge U RNA is shown in Figure 10C . For Bulge C and U RNAs the experiments were conducted at both 260 and 280 nm to confirm the existence of the two transitions. The low temperature transitions are difficult to fit satisfactorily and the data should be interpreted cautiously. The enthalpy change and the t m for the higher temperature transition was the same whether it was obtained from fitting the melting curve itself or the derivative curve. The least-squares fits to the derivative plots for all four RNAs are presented in Figure 10 (c). Perhaps surprisingly, the t m of MiniL32 RNA is closer to that of the Bulge C RNA, where hydrogen bonding across the loop is unlikely, than to that of Duplex RNA. However, MiniL32 RNA and Duplex RNA show a similar degree of cooperativity, as judged by the breadth of the transition, whereas Bulge U and C RNAs show a Table 2 is the peak width at half height. more gradual denaturation. RNase T 1 digestion as a function of temperature shows denaturation of MiniL32 RNA in an ''all or none'' rather than in a gradual fashion (data not shown).
Discussion Structure
Enzymatic and chemical reactivity data confirm the existence of two helical regions separated by an internal loop where all but three bases appear to be at least partially stacked. Only nucleotide residues A57, G58 and A59 are not cleaved by the V 1 RNase, but A55, G56, A57 and A59 are accessible to DEPC or NiCR which both attack the N-7 purine position. Two of these nucleotide residues, G56 and A57, are hyperreactive to these agents, but are not susceptible to cleavage by either T 2 RNase or S 1 nuclease which are normally reactive to single-stranded regions. Standard conditions: 0.1 M KCl, 4 mM cacodylate (pH 7). RNA concentrations were typically 1 mM. Except where indicated, error estimates for tm values are 20.5 deg.C and 21 deg.C for the transition breadth which is the width of the best fit to the derivative data at half height. For Duplex and MiniL32 RNAs the best fit was for one transition and for Bulge C and Bulge U RNAs two sequential transitions, I and II, were used. Predicted DH°v alues are based on nearest-neighbor oligonucleotide experiments conducted in 1 M NaCl and were used as initial estimates during fitting procedures (Jaeger et al., 1989 (Jaeger et al., , 1990 Zuker, 1989) . Approximate enthalpy estimates for G·U pairs, dangling bases, and internal and hairpin loops are based on limited data sets (Groebe & Uhlenbeck, 1989; Turner & Sugimoto, 1988; Longfellow et al., 1990; Peritz et al., 1991; Sugimoto et al., 1986; Antao & Tinoco, 1991) . For Bulge U RNA DH°is estimated for the structure drawn in Figure 1 .
Taken together, the data suggest the major groove of the lower portion of the internal loop is accessible, and that no base is completely single-stranded. We point out that if G56 to A59 formed a GNRA tetraloop the N-7 atoms of G56 and A57 would be solvent accessible and therefore highly reactive (Heus & Pardi, 1991) . However, we are unaware of precedents for the formation of a tetraloop on one side of an internal loop and furthermore it is not clear whether the G56 and A59 pair could stack on a helix.
Thermal stability experiments suggest that the internal loop destabilizes the RNA compared to a perfectly base-paired RNA, but that the transition remains cooperative as judged by the sharpness of the melting transition. Therefore, there is probably not an extended disordered region connecting the two helices. In contrast, the two RNAs having pyrimidine-rich loops display less cooperative denaturation behavior. The broad, low-temperature transition is only present when the purine loop is disrupted by substitution with pyrimidines. Overall, the enthalpy changes measured agree qualitatively with the rough estimates given in Table 2 . These estimates are based on a limited data set for the non-Watson-Crick portions of the RNA and may be particularly unreliable for the internal loop. In both DNA and RNA oligomers small purine bulges may destabilize the helices by as much as 20 to 30 deg.C, albeit in a highly sequence dependent manner (Peritz et al., 1991; Li et al., 1991) . In some cases, the purine residues are both stacked and hydrogen-bonded, yet still cause a significant destabilization. Given this thermodynamic precedent, the 20 deg.C reduction in t m is not inconsistent with a structured internal loop.
Structural and thermodynamic data are consistent with an internal loop which is structured, stacked, and possibly hydrogen-bonded. An attractive option to explain the V 1 data would be that G10 and U60 form a wobble pair, G11 pairs with A59 and A12 with A55. Support for the G·U pair comes from its susceptibility to V 1 RNase cleavage and extremely weak reactivity to DMS and T 1 RNase. However, replacement of the G·U by an A·U pair abolishes regulation and protein binding (Eng & Warner, 1991) . The polarity of the putative wobble pair is such that G10 should stack on G11 and U60 on A59, thus reinforcing stacking into the loop (White et al., 1992; van Knippenberg et al., 1990) . Of the several types of G·A pairs possible, the two found most commonly are a side-by-side pair featuring amino group to N-7 hydrogen-bonding and a symmetric pair using the normal Watson-Crick functional groups for hydrogen bonding (Gautheret et al., 1994) . For an A·A pair only the side-by-side, or reverse Hoogsteen pair is possible, but the N-7 position is normally not reactive in this conformation (Wimberly et al., 1993; Dahlberg & Abelson, 1989) . Given the pattern of DMS and DEPC reactivity, either the adenine N-7 atoms are not involved in base-pairing, or the loop is sufficiently flexible and the major groove is open enough that the N-7 atoms are moderately reactive. Based on the data, some of the formal possibilities for the loop conformation are: (1) the bases in the loop are largely stacked but do not interact by hydrogen bonding as in symmetric 5 S RNA loop E variant (Varani et al., 1989) ; (2) G11·A59 forms a symmetric pair; (3) side-by-side pairs form, but the N-7 positions are still slightly accessible to chemical attack; (4) the hyperreactive bases are partially extrahelical and the resultant gap in the stacking creates an opening for chemical attack of the N-7 atoms. Further biophysical experiments are needed to decide which of the above possibilities are correct.
RNA-protein interaction
As expected for a regulatory protein, both RPL32 and MBP-L32 bind specifically to their RNA target. Like many ribosomal proteins, L32 shows no homology to any of the classes of RNA binding proteins, except a very weak homology to a class of double-stranded RNA binding proteins (Burd & Dreyfuss, 1994) . The protein's failure to bind poly(I·C) means that it is not a member of this class of RNA binding proteins.
The sequence variants tested suggest that the internal loop bases are important recognition elements, but the hairpin loop is not. Internal loop variants, Bulge C and U RNAs, fail to bind the fusion protein, while the hairpin variant, Tetraloop RNA does. The protein could form sequence-specific contacts with the loop bases themselves, or recognize a particular conformation formed by the purine-rich sequence. Since the low temperature transition is associated with altered internal loop sequences, it is tempting to speculate that the loop conformation differs in these molecules. Therefore, it seems likely that L32 protein recognizes both the loop bases and the overall loop conformation.
That the internal loop is the essential protein recognition feature is strongly supported by the footprinting and modification interference results obtained using DEPC and NiCR. Further corroboration of the importance of the internal loop comes from the ENU and OH experiments which also point to the internal loop, and not the stems, as the site of protein contact. Compensatory mutation studies showed that Watson-Crick base pairing is needed to maintain autoregulation and later studies demonstrated that RPL32 binding is very strongly correlated with repression of splicing (Eng & Warner, 1991; Vilardell & Warner, 1994) . Taken together these data suggest that the helical regions may not contact the protein but may be important in maintaining the internal loop in the correct conformation. The left-hand stem may not be contacted by protein and is potentially available to interact with the U1 RNA. The exact sequence of the stems may be unimportant and the role of the stems may be to anchor the internal loop in the correct conformation. Similarly, a ligand-binding loop was found to require flanking helical regions (Sassanfar & Szostak, 1993) . Whether the binding occurs from the major or minor groove side is of interest. Our chemical probes of the N-7 position show less reactivity upon protein binding suggesting that the major groove is contacted. However, we have no data concerning the minor groove and the hyperreactive N-7 atom of A57 is not protected on protein binding.
Footprinting experiments provide data on all nucleotides whose reactivities change when complexed with a protein. Classically a protection is usually taken to mean that the protein physically blocks the footprinting agent. In such cases, a lighter band is seen in the presence of protein. However, protections and enhancements can be caused by protein-induced conformational changes in the RNA structure. Because of the very close correlation between the footprinting and the modification interference data, we interpret all of the protections as sites of protein contact. Enhanced ENU and DMS reactivity is seen in the hairpin loop and adjoining helix and is probably indicative of a conformational change transmitted from the binding site to an adjacent region.
The dissociation constant for RPL32 or MBP-L32 for MiniL32 RNA is about 3 nM to 10 nM under salt and temperature conditions which are close to physiological. It would be interesting to know how the K D value for RPL32 binding compares to its concentration in the yeast nucleus under normal and autoregulatory conditions. Presumably, under conditions of ribosome assembly little, if any, RPL32 is present in the nucleus and splicing of the L32 transcript occurs rapidly. Conversely, under autoregulatory conditions we expect that the pool of RPL32 will exceed the value of K D . The half-life of the L32 transcript in vivo is 16 minutes while splicing of the transcript occurs in about 15 seconds (Eng & Warner, 1991) . In vitro, the half-life for the MBP-L32/MiniL32 complex is 1.8 minutes. Under autoregulatory conditions, we expect that the half-life of the splicing-incapable complex to approach that of the L32 transcript such that the RNA is ultimately degraded rather than spliced. Assuming that the kinetics of MiniL32 RNA and MBP-L32 dissociation in vitro are similar to the intracellular dissociation rate of RPL32 from the L32 transcript, it is clear that RPL32 dissociation must be slowed in order for efficient repression to occur. It is thus an attractive hypothesis that U1 snRNP forms a termolecular complex which prevents both splicing and escape of RPL32.
The internal loop region of the L32 RNA is very important for specific recognition of RPL32. Its role may be to provide stability, flexibility, or sequence and conformation specific contacts. The internal loop region thermodynamically links the two helices and prevents the low temperature transition. However, the finding of a stable left-hand helix remains to be reconciled with the formation of a ternary complex involving U1 snRNP. The internal loop, by virtue of its sequence and conformation, may allow the protein to interact extensively in the major groove to form an array of sequence specific contacts with the bases and backbone. The cleavage enhancements seen in the hairpin region suggest that the RNA does undergo a conformational change upon protein binding and therefore may be somewhat flexible. Further structural studies are needed in order to elucidate the mechanism of splicing repression.
Materials and Methods
DNA and RNA
DNA oligomers were obtained from National Biosciences or Yale University and were HPLC or gel purified under denaturing conditions before use. Plasmid templates were a generous gift from the Warner laboratory. Tetraloop RNA was synthesized chemically using 2'-O-Fpmp (1-(2-fluorophenyl)-4-methoxypiperidin-1-yl) acetal protecting groups (Cruachem) and was HPLC purified with the trityl group attached. All other RNAs were phage T7 RNA polymerase transcription products using either a linearized plasmid or partially single-stranded DNA oligomers as templates. Transcription was accomplished by following published protocols using commercially available T7 RNA polymerase (NE Biolabs) (Draper et al., 1988b; Puglisi, 1989) or by using MegaShortScript Kit (Ambion) according to instructions. All RNAs were gel purified, visualized by UV shadowing, and eluted into 0.3 M NaOAc and 1 mM EDTA using the ''crush and soak'' method. RNA samples were ethanol precipitated following extraction by phenol, chloroform, and ether. The concentration of RNA was measured spectroscopically using tabulated extinction coefficients and corrected using measured hypochromicities where appropriate (Borer, 1975) . RNA (10 pmol to 100 pmol) was end-labeled using either [5'-32 P]pCp (Amersham) and T4 RNA ligase (Gibco BRL or Pharmacia) or [g-32 P]ATP (Amersham) and alkaline phosphatase (Pharmacia) followed by polynucleotide kinase (US Biochemical). Isotopically labeled RNAs were gel purified and eluted as described above and maximal concentrations of radiolabeled species were estimated assuming 50% recovery of the input RNA.
Protein production
To circumvent solubility problems, RPL32 was produced as a fusion protein using the commercially available maltose binding protein expression system (NE Biolabs). Construction of the expression vector is described by Vilardell & Warner (1994) . The stock protein was stable for months at 1000 ng/ml when stored at 4°C in 20 mM Tris-HCl (pH 7.4), 200 mM NaCl, 1 mM EDTA, 10 mM maltose. The protein concentration was measured using the Bradford assay (Biorad). Factor Xa cleavage required 5 mg of enzyme per 20 mg of fusion protein at 4°C for 24 hours and was monitored by Coomasie blue-stained SDS-containing gels. Following proteolytic digestion, cleavage mixtures were used without further purification.
Sequencing and structure mapping
The primary structure of MiniL32 RNA was verified using enzymatic digestion (Peattie & Gilbert, 1980) . RNases T1, Phy M, Bacillus cereus, and U2 (Pharmacia) stock solutions were 10 units/ml and were generally diluted 10 to 100-fold and incubated with labeled RNA for one minute to ten minutes. RNases T1, U2, and Phy M were incubated in 7 M urea. 25 mM citrate (pH 5), 1 mM EDTA at 55°C while RNase B. cereus was incubated in 25 mM sodium citrate (pH 5), and 1 mM EDTA at 55°C. Sequencing reactions were immediately loaded onto a 15% or 20% (w/v) denaturing sequencing gel. To produce a uniform ladder, RNAs were boiled in 50 mM bicarbonate (pH 9.2), for two minutes to ten minutes. P1 nuclease (Gibco BRL) digestion verified that correct 3' to 5' linkages were present in the chemically synthesized RNA.
In order to study the native secondary structure of the RNAs, structure mapping was carried out using both enzymes and chemicals (Knapp, 1989) . Nuclease S1 (Gibco BRL) and RNases T2 (Gibco BRL) and T1, were used to cleave single-stranded regions, and V1 RNase was used to identify double-stranded and stacked regions (Lowman & Draper, 1986) . Diethylpyrocarbonate (DEPC) (Sigma) carboxethylates the N-7 position of accessible adenine residues and following modification of the RNA, strand scission was accomplished by incubation in 1 M aniline (pH 4.5) at 60°C. The affinity cleavage reagent methidiumpropyl iron(II)-EDTA (MPE-Fe(II)) cleaves most strongly in helical regions (Kean et al., 1985; Hertzberg & Dervan, 1984) . Fresh 10 mM MPE-Fe(II) and 10 mM dithiothreitol were reacted with the labeled RNA. All reactions were routinely done at 37°C, 0.1 M NaCl , 10 mM to 20 mM Tris-HCl or Mops (pH 6 to 8), and 0 or 1 mM MgCl2 and were quenched by adding 7 M urea in 1 × TBE (100 mM Tris, 100 mM boric acid, 1 mM EDTA) and placing on ice.
The accessibility of the N-7 position of guanosine residues was probed using the nickel macrocycle NiCR, [(2,12-dimethyl-3,7,11,17-tetraazabicylo[11.3.1] heptadeca-1(17),2,11,13,15-pentaenato)nickel(II) hexafluorophosphate] as described (Chen et al., 1991 (Chen et al., , 1993 . NiCR was a generous gift from Drs Cynthia Burrows and Steven Rokita. Native condition reactions were carried out at 25°C using up to 30 mM NiCR and 150 mM KHSO5 (Aldrich) for 30 minutes in 10 mM Tris-HCl (pH 7), and 10 mM MgCl2. Reactions under denaturing conditions were at 65°C or 85°C for one minute to five minutes.
Protein binding
Protein binding experiments were conducted using the following standard conditions: 30 mM Tris-HCl (pH 7.5 to 8.0), 75 mM KCl, 2 mM MgCl2, 1 mM DTT, 50 ng/ml bovine serum albumin (BSA), 40 ng/ml wheat germ tRNA (Sigma), less than 0.01 mM radiolabeled RNA, 0.2 unit/ml RNase inhibitor (Promega or US Biochemical) and 0 to 5000 ng of MBP-L32 (Vilardell & Warner, 1994) . Fresh protein dilutions in 1 × binding buffer were prepared daily. RNAs were renatured in 30 mM Tris-HCl, 350 mM KCl or NaCl, and 10 mM DTT heated to 60°C then cooled slowly to room temperature. The binding mix was incubated for 20 minutes at 25°C and was immediately subjected to an electrophoretic bandshift or a nitrocellulose filter binding assay. For smaller RNAs neither the renaturation conditions nor the incubation time was critical. The 10% (w/v) native gels (acrylamide:bisacrylamide 29:1, or with acrylamide:bisacrylamide:agarose 30:0.5:0.5, by wt) were loaded while running with 0.5 × TBE at 200 V/20 cm. Nitrocellulose filters (S&S) were presoaked in binding buffer and were only rinsed subsequent to sample filtration when RNA background levels were high. To establish the binding stoichiometry, filter binding experiments containing 300 nM unlabeled RNA and a trace amount of radiolabeled RNA were conducted. To perform kinetics experiments, labeled RNA was 50% to 80% saturated with protein then challenged by a tenfold dilution or by an excess of unlabeled RNA. Filters were counted using standard scintillation counting and autoradiograms were scanned using One Scanner (Apple) controlled by a Macintosh IIcX personal computer. Gel data were quantified using NIH Image 1.41 (Rasband, 1992) and all data were fit to hyperbolic binding isotherms using Hyperfit, a Macintosh program provided by Dr David E. Draper (Draper et al., 1988a) .
Footprinting and modification interference experiments were undertaken in order to identify the portions of MiniL32 contacted by the protein. In footprinting experiments, the RNA/protein complex was formed at ambient temperature and then subjected to digestion by DEPC, hydroxyl radical, ethylnitrosourea, or NiCR. For these experiments a simplified binding buffer, which omitted BSA, RNase inhibitor and tRNA, was used. Conditions for DEPC and NiCR were as above and for Fe(II)-EDTA the procedure of Latham and Cech was followed (Latham & Cech, 1989; Celander & Cech, 1990) . The ethylnitrosourea (ENU) modification was carried out under denaturing conditions and following the bandshift, strand scission was accomplished using triethylammonium bicarbonate, pH 8.5 (Vlassov et al., 1981) . In modification interference experiments, up to 2 × 10 6 counts of RNA was first modified by DEPC, NiCR, ENU or hydroxyl radical and then bound to enough protein to half saturate the modified RNA. RNA eluted from shifted and unshifted bands was then analyzed on a sequencing gel. All reactions and electrophoretic manipulations were carried out in parallel on RNAs in the presence and absence of protein.
Thermal denaturation
Melting experiments were conducted using either a Perkin-Elmer Lamda Bio or a Hewlett Packard 8452A Diode Array Spectrophotometer using multi-cell sample changers. Samples were thermostatted using circulating water and one position in the sample changer was occupied by a dummy cuvette containing a temperature probe. RNAs were diluted into 0.1 M KCl, 4 mM sodium cacodylate (pH 7), overlayered with Dow-Corning 200 dimethylpolysiloxane and gradually heated to 85°C in stoppered cuvettes. The absorbance changed by less than 2% during one heating and cooling cycle. The RNA was annealed at a rate of approximately 1 deg.C/minute and the renaturation was monitored at 260 or 280 nm. The derivative data, dABS/dt, were smoothed over 4 deg.C and were analyzed using Macintosh software assuming a single transition where possible (Laing & Draper, 1994) . Multiple transitions were fit as non-independent or sequential transitions and during the fitting procedure the DH°to hyperchromicity ratio was held approximately constant for all transitions. Fits to the melting curve itself, using a sloping baseline procedure, provided DH°e stimates for all sharp transitions (Laing & Draper, 1994) .
